Abstract. Garlic bulbs (Allium sativum L.) harvested in the summer are often stored at room temperature between the time of harvest and curing and either consumption or planting in the fall. The quality of these bulbs usually deteriorates dramatically by 6 months after harvest. Garlic bulbs were placed at -3, 0, or 5 ºC for ≈6 months to determine if bulbs could be maintained for spring planting. Response to cold-storage conditions was cultivar dependent. We found that most cured garlic bulbs stored at -3 ºC for 6 months successfully formed cloves within bulbs when planted in the following spring. Unlike the high-quality bulbs formed after -3 ºC storage, bulbs stored at 0 ºC for 6 months often formed side cloves and had loose wrappers. In another study, garlic bulbs stored at 0, 5, 15, or 23 ºC exhibited a higher rate of shoot elongation within the cloves during storage than bulbs stored at -3 ºC. After 9 months of -3 ºC storage, bulbs then held at room temperature retained the quality characteristics of freshly harvested garlic (firmness, taste) for at least 2 months. These studies suggest that cured garlic can be spring planted and consumed year-round when bulbs are stored at -3 ºC.
Most large-scale garlic (Allium sativum L.) producers grow 'California Early' and 'California Late' garlic bulbs for distribution to supermarkets and for use in the dehydration industry (Warade and Shinde 1998) . There are more than 200 additional garlic cultivars grown on small farms throughout the United States that are usually sold within local fresh markets. Most of these cultivars are hardneck types (scape producing) and are genetically distinct from the 'California Early' and 'California Late' softneck garlic types (Pooler and Simon, 1993) . Hardneck cultivars generally have shelf lives shorter than softneck cultivars (Rosen et al. 1999) .
'California Early' and 'California Late' cultivars of garlic are often stored near 0 ºC until they are distributed to the consumer (Chakraverty et al. 2003) . Seed bulbs (cloves to be planted for the following season) are generally stored at ambient temperatures from harvest (June, July, or August, depending on location and cultivar) until planting in the fall. These storage practices are similar to those outlined in the revised USDA handbook The commercial storage of fruits, vegetables, and florist and nursery stocks. Recommendations suggest that garlic intended for consumption in midsummer. Some environments are not favorable for fall planting. The fall planting season in Colorado is often cold and snowy. Furthermore, Colorado plains winters can be extremely windy, making it difficult to retain mulch during the dry, long winters. Irrigation, while necessary, can be impractical. Although there are some expected drawbacks to spring planting, such as reduced yields (Siddique and Rabbani, 1985) , it may be an alternative during years in which fall planting is impossible. For spring planting to be successful, garlic bulbs must remain viable in storage until spring (April, perhaps March).
In addition, it would be desirable for growers to be able to sell garlic for consumption during the season when fresh garlic is for the most part unavailable on the world market. To accomplish this, these bulbs must be stored from the previous year's harvest and remain edible for at least 1 month after a return to ambient temperatures.
We demonstrate that garlic bulbs can be stored at -3 ºC successfully and that cloves from these bulbs are productive when springplanted. Furthermore, we suggest that the clove quality remains high for at least 2 months after cold-stored garlic bulbs are returned to ambient temperatures. These findings increase the flexibility for garlic use year-round, since garlic is made available for both spring planting and consumption >9 months after harvest.
Materials and Methods
Bulbs of four garlic cultivars were provided by ConAgra Foods, Inc. (Gilroy, Calif.): 'California Early' and 'California Late' (softnecks) and 'Chinese' and 'Spanish Red' (hardnecks). The 2001 crop of garlic from ConAgra Foods, Inc., in Hanford, Calif., was cured in the field, cleaned, and kept at ambient temperatures until 5 Sept. 2001, at which time it was placed in controlled temperature storage conditions at 23 ºC (range of 20 to 25 ºC and 32% RH), 15 ºC (range of 12 to 17 ºC and 35% RH), 5 ºC (range of 3 to 7.5 ºC and 85% RH), 0 ºC (range of -1.5 to 2.5 ºC and 43% RH), and -3 ºC (range of -1 to -5.5 ºC and 76% RH). The softneck cultivars 'Inchelium Red' and 'Silverwhite' and hardneck cultivars 'Chesnok Red', 'German Porcelain', 'GSF65', 'Polish Hardneck', 'Romanian Red', 'Siberian', 'Spanish Roja' (genetically distinct from 'Spanish Red ', Volk et al., unpublished) At least five bulbs of 'California Early', 'California Late', 'Chinese', and 'Spanish Red' garlic were removed from the storage conditions bimonthly and the length of the shoot within at least 10 cloves from these bulbs were measured. A percent shoot elongation be stored at -1 to 0 ºC, 60% to 70% relative humidity (RH), which allows it to keep for >9 months (Cantwell 2002) . Kline (1990) recommends -5 to 0 ºC storage temperatures for storage before consumption, but also states that the quality can deteriorate quickly once returned to ambient temperatures. For example, 'California Late' garlic stored for >5 months at 0 ºC and 70% RH sprouts rapidly when brought to room temperature (Mann and Lewis, 1956 ). Mann and Minges (1958) report that the 'California Late' garlic cultivar does not bulb properly when stored at temperatures <0 o C, matures early, and often appears rough (missing outer skins and possessing external cloves). The response to storage temperatures below 0 ºC has not been evaluated for most other garlic cultivars.
The physiological process of dormancy is not well understood in Allium sativum, but it is known that garlic has an innate rest period for 4 to 6 weeks after harvest, during which it does not sprout regardless of growth environment. Following this innate rest, there is a period of dormancy that is most rapidly broken by storage at 5 to 10 ºC (Brewster, 1994) . Once dormancy is broken, the green shoot within each clove elongates and eventually sprouts. This elongation process begins ≈70 d after harvest for garlic stored at 20 ºC and 20% to 30% RH (Arguello et al., 1983) . Storage conditions (length and temperature) affect the time to sprouting and clove initiation (Arguello et al., 1983; Mann and Lewis, 1956; Rahim and Fordham, 1988 
POSTHARVEST BIOLOGY AND TECHNOLOGY
was calculated by dividing the length of the shoot by the length of the clove and multiplying by 100.
Bulbs were stored at room temperature until fall planting (10 Oct. 2001) or at the experimental storage conditions as listed above for spring planting on 6 Apr. 2002 (S1). Garlic bulbs planted on 26 Apr. 2002 (S2) were removed from storage with the S1 bulbs, and then kept at 5 o C until planting (20 d). Immediately before planting, all the bulbs of a cultivar were cracked open and uniform cloves were selected for inclusion in experiments. Sixteen cloves were planted in three replicate square plots measuring 30 cm on a side (in a 4 × 4 pattern). Plots were randomized within a region of a commercial garlic field with loam soils at Yucca Ridge Farm, Inc. Fall-planted garlic was mulched with straw (10 cm). In the fall, soil was amended with steer manure and plants were foliar sprayed with fish emulsion in June. The compacted straw mulch that remained after winter was left on the plots throughout the growing season. Plots were manually weeded, overhead watered for 20 min (50 to 100 mm H 2 O) daily and certified according to the Colorado Organic Certification Act. Scapes were removed when they formed. Bulbs were harvested when mature (about half of the leaves were dry) and were cured in a growth room at 27 ºC and 20% RH for 3 weeks before cleaning and data collection. Circumference and bulb weights were determined for five bulbs from each plot and the number of cloves per bulb (total number of cloves) and individual clove weights (average of five representative plantable cloves) were determined for three bulbs from each plot. For each phenotypic character, comparisons among storage temperatures and planting dates were made within each cultivar. ANOVA tables were generated and Tukey HSD means separation tests were performed using JMP (SAS Institute, Cary, N.C.).
Quality evaluations were performed biweekly in the homes of three independent amateur tasters using garlic bulbs that were returned to ambient temperatures after storage at 0 or -3 ºC for 7 months ('Inchelium' 0, -3 ºC; 'Siberian'-3 ºC; 'Silverwhite'-3 ºC; 'German Porcelain'-3 ºC; and 'Romanian Red'-3 ºC), 8 months ('Chesnok Red' 0, -3ºC; 'Polish Hardneck'-3 ºC; 'Zemo' 0, -3 ºC), or 9 months ('Inchelium'-3 ºC; 'Siberian'-3 ºC; 'Silverwhite' -3ºC; 'German Porcelain'-3 ºC). Bulbs were kept in paper bags in each home (temperatures fluctuated between 21 and 30 ºC) between April and August 2002. The tasters were provided a chart with descriptions for the five levels of each quality characteristic (color, firmness, smell, sprouting, overall taste as well as raw and sautéed flavor intensity, heat, sweetness, and aftertaste). Due to the small size of our taste test panel and the difficulty in tasting several garlic samples at one time point, only generalizations from their records are presented.
Results and Discussion
Shoot elongation during storage. In general, bulbs of the four cultivars ('Chinese', 'Spanish Red', 'California Early', and 'California Late') included in this study responded similarly to the -3, 0, 5, 15, and 23 ºC storage temperatures. The dormant shoot tip represented 20% of the clove (thus, 0% elongation was never observed). Initially, shoots showed no sign of elongation within bulbs. Shoot elongation occurred most quickly at 15 and 23 o C, followed by 5 o C (Fig.  1) . 'California Late' and 'Spanish Red' bulbs stored at 23 ºC became severely dehydrated and unmarketable after 150 d in storage. Bulbs in the 0 ºC storage temperature did not show significant elongation until after 70 d in storage, at which time shoots elongated at a rate that was specific to each cultivar. Although shoots showed no sign of elongation within the cloves after more than 200 d of storage at -3 ºC, the cloves remained viable, as was demonstrated in the spring planting field trials. In many cases at 5, 15, and 23 ºC storage conditions, shoots elongated to the tip of the clove, but did not protrude from the clove in storage conditions.
Field studies. Garlic cultivars can be stored at 0 or -3 ºC and produce bulbs under Front Range Colorado conditions when planted in the spring (Table 1 ). Compared to fall plantings, there is a cost to spring planting for some cultivars. The degree of response was cultivar dependent. In general, the number of cloves per bulb was the least responsive character, with significant differences observed in half of the garlic cultivars.
Although yields were reduced, these data indicate that spring planting is possible in Colorado (despite the fact that the summer of 2002 was unusually hot and dry). The 6 Apr. planting date was rather late for spring planting, and yields probably would have been higher if planted in March.
Garlic for the S2 planting was kept at 5 ºC until planting after it was removed from cold storage at the time of the S1 planting. We chose to remove those bulbs from storage at 0 or -3 ºC at the earlier planting date and keep them at 5 ºC for 20 d to increase the probability of a successful harvest from late-spring planted garlic. There are several reports of increased bulb size when bulbs were kept at 5 ºC for 30 to 60 d before planting (Bandara et al., 2000; Rahim and Fordham, 1988; Siddique and Rabbani, 1985) . Future studies are needed to determine the optimum 5 o C storage duration for bulbs removed from 0 and -3 o C storage. The yields of S1 planted bulbs were compared within each cultivar to determine whether 0 or -3 ºC storage temperatures were preferable. As shown in Table 1 , 'Polish Hardneck' and 'California Early' had larger bulbs when stored at -3 ºC. 'Chesnok Red', 'Siberian', and 'California Early' also had more cloves per bulb when stored at -3 ºC until the S1 planting date.
While most cultivars did form cloves within bulbs, the 'Spanish Red' and 'Polish Hardneck' were sensitive to storage at low temperatures and formed rounds instead of cloves when planted in the spring (Table 1 ). The fall-planted 'Spanish Red' cultivar also exhibited roughness that included loose papers (50% of bulbs) and side clove formation (100% of bulbs). This garlic cultivar may be particularly responsive to storage temperatures and harvest date. Roughness occurred in some cultivars planted in the spring. Side cloves formed in bulbs of 'California Early' (0% to 20% of the bulbs per plot), 'California Late' (50% to 90% of the bulbs per plot) and 'Chinese' (27% to 60% of the bulbs per plot) cultivars stored at 0 ºC and this roughness was not observed when bulbs of these cultivars were stored at -3 ºC. While many cultivars exhibited no signs of roughness, some garlic bulbs stored at -3 ºC and planted in the spring had either loose papers or side clove formation ('Spanish Roja', 0 to 45% of the bulbs per plot; 'Inchelium Red', 0 to 75% of the bulbs per plot). Bulb roughness responses are dependent upon cultivar and storage temperature. The results obtained in these studies could differ if repeated for another season and additional storage tests should be conducted before recommendations are made to growers.
Consumption after storage. Qualitative evaluations were performed on garlic bulbs of several cultivars that were removed from storage at 0 or -3 ºC after 7, 8, or 9 months. The three tasting-panel members agreed that 'Inchelium Red' (-3 ºC), 'Siberian' (-3 ºC), and 'Silverwhite' (-3 ºC) retained high quality characteristics (firmness, flavor, color) for >3 months at room temperature. 'German Porcelain' (-3 ºC) and 'Romanian Red' (-3 ºC), which were initially softer than the other cultivars when placed into cold storage, remained edible for only 2 months at room temperature storage. There were no differences observed in bulb quality among bulbs removed from storage after 6 or 8 months at -3 ºC. In addition, the flavors of stored garlics did not change noticeably at room temperature until the garlic began to discolor and shrivel. Bulbs of 'Chesnok Red', 'Zemo', and 'Inchelium Red' stored at 0 ºC tended to be softer, more aromatic and had a shorter shelflife than those stored at -3 ºC.
Conclusions
Both hardneck and softneck garlic bulbs can be stored at -3 ºC and spring-planted under Colorado Front Range growing conditions. Although yields were lower, spring planting provides an alternative to the traditional fall planting, and the problems associated with mulching and irrigation during the winter can be minimized.
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